Abstract: Thermoplastic polyolefin (TPO) containing 70 wt% polypropylene and 30 wt% styrene-ethylene-butadiene-styrene grafted maleic anhydride and its nanocomposites filled with 1-5wt% silicon carbide nanoparticles (SiC p ) were prepared by melt processing followed by injection molding. Tensile tests show that both Young's modulus and tensile strength increase with increasing SiC p loading. Essential work of fracture (EWF) method was used to evaluate the fracture toughness of resulting nanocomposites. EWF test demonstrates that the fracture toughness of TPO blend generally decreases with increasing SiC p content. Shield yielding and fibrillation are the main fracture mechanisms for TPO blend and composites. SiC p are found to improve the heat deflection temperature of the TPO blend.
Introduction
Polypropylene (PP) is a commodity plastic that finds extensive applications in domestic housewares and industrial products. However, PP suffers from poor impact toughness, particularly at low temperatures. In this regard, rubber particles or elastomers are incorporated into PP to enhance its impact performances. The extent of impact property enhancement depends greatly on the elastomer content. Thermoplastic polyolefin (TPO) blends consist of polypropylene and elastomer phases are inexpensive polymeric materials with low density and excellent weather resistance. TPO blends possess elastic characteristics of elastomers but can be readily processed like thermoplastics using conventional melt compounding processes such as extrusion and injection molding. They are used extensively in automotive, electronic and footwear industries as well as outdoor roofing. Typical elastomers commonly incorporated into TPO blends include styrene-ethylene-butadiene-styrene (SEBS), ethylene-propylene rubber (EPR), and ethylene-propylene-diene monomer elastomer (EPDM) [1] . In general, the stiffness and mechanical strength of TPO are relatively lower than those of pure PP due to the elastomer addition. Therefore, mineral filler such as talc is added to the TPO blends in order to restore these properties [2] . However, it is necessary to add a large amount of mineral fillers to obtain desired mechanical properties. This leads to high melt viscosity and poor processability of microcomposites.
Polymer nanocomposites reinforced with nanoparticles (e.g. silica, calcium carbonate, alumina etc.) and nanoplatelets (e.g. clay, graphite) have emerged as a new class of materials having improved properties compared to their microcomposite counterparts [3] . These improved properties can be obtained by adding low loading levels of nanofillers. Such low filler loadings reduce the melt viscosity and component weight of nanocomposites. Recently, clay nanoplatelets have been added to TPO blends to strengthen and stiffen them [4] [5] [6] [7] . TPO nanocomposites with significantly high impact strength can be fabricated by adding 30-40% rubber and 2-7wt% organoclay [4, 5] . TPO-clay nanocomposites have found application as step-assist materials for 2002 General Motors Safari and Chevrolet Astro vans [7] . As recognized, hydrophilic clay silicates are commonly modified with organic surfactants such as alkylammonium compounds to facilitate intercalation of polymer molecules into their galleries. Further, it is rather difficult to delaminate layered silicates blended with non-polar polypropylene, thus suitable compatibilizers are required during compounding. This implies that proper selection of organoclays and compatibilizers are needed to form intercalated/exfoliated TPO-clay nanocomposites with improved mechanical strength. In this regard, it is advantageous to use ceramic nanoparticles to stiffen TPO blends. For example, Liu and Kontopoulou used silica nanoparticles to stiffen TPO blends. They reported that the tensile modulus and flexural properties of TPO blends improve substantially by adding low loadings of nanosilica [8] . It is considered that silicon carbide nanoparticles (SiC p ) with very high hardness, high modulus, high abrasive wear resistance and superior thermal stability are attractive fillers to stiffen TPO blends. Therefore, silicon carbide nanoparticles have been used by the researchers to enhance the wear resistance of thermoplastics and epoxies [9, 10] . Best to our knowledge, there is no research work available in the literature reporting the mechanical behavior of SiC p reinforced TPO composites. This work investigates the mechanical properties of TPO nanocomposites reinforced with SiC p , and particular attention is paid to their fracture characteristics. The fracture toughness of such composites is evaluated by means of the essential work of fracture (EWF) method under tensile mode.
Results and Discussion

SEM morphology
Figures 1(a)-(c) show typical morphology of TPO and its nanocomposites filled with 3 and 5 wt% SiC p . Tetrahydrofuran (THF) was used to selectively dissolve the SEBS-g-MA phase, forming voids in the blend and composite matrix. The elastomer inclusions of 0.1-0.6 μm can be readily seen in these SEM micrographs. Further, SiC nanoparticles are observed to disperse uniformly in TPO-3 wt% SiC p nanocomposites (Figs. 1(b) ). However, they tend to agglomerate into clusters in TPO-5wt% SiC p nanocomposites (Figs. 1(c) ).
Heat Deflection Temperature (HDT)
Heat deflection temperature is recognized to be an important indicator for the heat resistance of polymer blends and its composites under an applied load. The effect of SiC p additions on the heat resistance of TPO blend are listed in Table 1 . It is apparent that SiC p additions improve the thermal stability of TPO blend. The HDT value of TPO blend increases from 82.21°C to 86.32 °C for TPO-5 wt% SiC p nanocomposites. This feature is particularly meaningful for TPO blend that is widely used in outdoor roof and industrial applications. Figure 2 shows tensile stress-strain curves of TPO blend and its nanocomposites. Apparently, the Young's modulus and yield stress of nanocomposites increase with increasing nanofiller content. Further, these specimens show extensive plastic deformation behavior with an extensional strain up to 700%. This implies that TPO and its nanocomposites exhibit superior ductility under tension. To determine the elongation at break, a large cross-head speed of 300 mm/min was used. The results of tensile tests are listed in Table 1 . Tough TPO and its nanocomposites do not fracture into two parts during Izod impact measurement at room temperature, thus the test is conducted by dipping the specimens into liquid nitrogen. The Izod impact results are also given in Table 1 .
Mechanical Properties
This table reveals that SiC p additions only cause a small reduction in the impact strength of TPO blend. In general, Izod impact strength cannot be used as an indicator for the actual toughness of polymeric materials. This is because the test only measures the energy needed to fracture impact specimens of specified notch geometry. The main drawback of this technique for testing ductile polymers is its inability to break them into two pieces during impact test. On the other hand, fracture mechanics is widely known to be a useful tool to evaluate the inherent resistance of materials to fracture under the presence of a crack. Fracture toughness is fundamental design property of polymeric materials for engineering applications. Since TPO and its nanocomposites are quite ductile, it is necessary to employ fracture mechanics approach to characterize their toughness. 
Fracture Toughness
In the past decade, the essential work of fracture concept has been widely adopted by materials scientists to evaluate the plane stress toughness of ductile polymers and composite materials under tensile loading [11] [12] [13] [14] [15] [16] . In recent years, this approach has also been successfully used to characterize the fracture toughness of polymer nanocomposites [17] [18] [19] [20] . The EWF concept was originally proposed by Broberg [21, 22] and later developed by Cotterell and Mai [23] [24] [25] . In a quasi-static tensile test, the total fracture work (W f ) needed to fracture a notched specimen can be partitioned into two components: essential work of fracture (W e ) corresponding to the work per unit crack area required to generate new surfaces in inner fracture zone, and nonessential plastic work (W p ) corresponding to the energy dissipated per unit volume for various deformation mechanisms in outer plastic zone (Fig. 3) . Accordingly, W f can be expressed as follows:
where w f is the specific total fracture work; w e and w p are the specific essential fracture work and specific plastic work, respectively; l is the ligament length; t is the sample thickness; and β is a shape factor of the plastic zone. The w e and w p values can be determined initially from the areas of tensile load displacement curves (W f ) for DENT specimens with different ligaments. This is followed by the construction of w f versus l diagram and best fit regression line. The slope of w f versus l plot yields w p , which is a direct measure of the resistance to crack growth. The intercept gives w e , corresponding to the fracture toughness of material investigated. The basic requirements for the validity of EWF concept are: the ligament must be fully yielded prior to the onset of crack propagation and the geometrical similarity of load-displacement curves. The European Structural Integrity Society (ESIS) protocol recommends the use of DENT specimens for EWF measurements under tensile loading [26] .
Fig. 3. Schematic diagram showing geometry of DENT specimen for tensile EWF test.
Following the ESIS protocol of EWF [26] , the validity of EWF approach under plane stress condition requires the ligament to be fully yielded prior to crack propagation. The validity range of ligament l under plane-stress condition can be expressed as:
where W is the width of the specimen and 2r p the size of plastic zone given by the following equation:
where E is Young's modulus and σ y the yield stress of the material. In this study, the ligament length of specimens ranges from 8.1 to 16 mm, leading to an l/t ratio of 2.7-5.3. In general, higher l min /t ratio should be used for ductile materials. In this regard, TPO samples would have l/t >5, thus l min is larger than 15 mm for t = 3 mm.
To further ensure the failure of our DENT specimens under plane-stress conditions, the plots of maximum net section stress (σ n = F max / lt) versus initial ligament length are constructed (Fig. 4) . Following the Hill's predictions [27] , pure plane-stress solicitation of DENT specimen gives a σ n value of 1.15σ y , and raises to 2.97σ y in pure plane-strain conditions. From Fig. 4 , it can be seen that the σ n values of TPO and its nanocomposites approach 1.15σ y . This implies that the TPO blend and its nanocomposites meet the criteria for pure plane stress.
Figures 5(a)-(c)
show representative load-displacement curves for TPO blend, TPO-3 wt% SiC p and TPO-5 wt% SiC p nanocomposites. Apparently, the curves display geometrical similarity for these specimens having various ligament lengths. All tested specimens are fully yielded prior to crack propagation. The resulting linear regression of w f versus l for TPO blend and its nanocomposties are shown in Figs.  6(a)-(d) . Apparently, these data can be best fitted linearly with high correlation coefficient (R). The results of tensile EWF measurements for all samples investigated are summarized in Table 2 . The w e values of TPO nanocomposites tend to decrease with increasing SiC p content. Thus hard silicon carbide nanoparticles reduce the fracture toughness of TPO. 
Conclusions
This study reports the mechanical behavior and fracture toughness of TPO blend and its nanocomposites filled with low SiC p loading levels. 
Nanocomposite preparation
These materials were dried in 70 °C for 24 h prior to melt processing. PP/SEBS-g-MA 70/30 (TPO) filled with SiC nanoparticles (1-5 wt%) were prepared via melt compounding followed by injection molding. In the process, SiC p and PP pellets were mixed initially in a twin-screw Brabender extruder followed by compounding with SEBS-g-MA. The extrudates were granulized and dried again prior to injection molding. Such composite pellets were directly injection-molded into plaques of 3 mm thickness. For the purpose of comparison, TPO plaques were also injection molded.
Characterization
The injection-molded plaques were cut into dumb-bell tensile bars along melt flow direction according to ASTM D638. Tensile tests were performed with an Instron tester (model 5567) equipped with an extensometer at a crosshead speed of 10 mm min -1 . Impact specimens with dimension of 63.5 × 12.7 × 3 mm were cut from the plaques. The impact tests were performed with an Izod impact tester (Ceast model 6545) according to ASTM D256. Seven specimens of each composition were tested and the average values reported.
The fracture behavior of TPO and its nanocomposites was determined using double-edge notched tension (DENT) specimens with a dimension of 150 × 25 × 3 mm. The gauge length of the specimens was 100 mm (Fig. 3) . They were cut from the plaques such that the longitudinal direction of specimens aligned parallel to the melt flow direction. Pre-cracked notches were formed by saw cutting followed by sharpening with a razor blade. DENT samples were then loaded in an Instron tensile tester with a crosshead speed of 1 mm/min. The load vs. displacement plots for the specimens were recorded. The exact ligament length (l) was measured with a traveling microscope (Tropcon profile projector).
The heat deflection temperature (HDT) of TPO nanocomposites with the dimension of 60 × 13 × 3 mm was measured using a dynamic mechanical analyzer (DMA model 2980, TA Instruments) under three-point bending mode according to ASTM D648-07. In the measurement, a perforce (F) was preloaded on the specimen. The load was then adjusted to create a maximum stress of 0.455 MPa. The deflection of the specimen was recorded with a sensor of the analyzer. All samples were examined in the temperature range of 25-110 ºC with a heating rate of 2 ºC/min. HDT was taken as the temperature at which the specimen deflected 0.566 mm from its initial room temperature deflection.
SEM observation
The impact cryo-fractured specimens were etched with tetrahydrofuran (THF) to remove the SEBS-g-MA phase from the TPO matrix. Both the impact and EWF specimens were coated with a thin gold film prior to observation in a scanning electron microscope (SEM; FEI Quanta 400F).
